The p53 tumor suppressor protein functions to protect cells from malignant transformation, and the development of most tumors is associated with loss of p53 function (31) . p53 has been shown to participate in the regulation of several processes which might inhibit tumor growth, including differentiation, senescence, and angiogenesis. However, central to the function of p53 appears to be the ability to induce both cell cycle arrest and apoptosis in stressed cells, at least in part by activating expression of p53-responsive target genes that mediate these responses (8) .
p53 protein levels are usually maintained at low levels by rapid degradation through ubiquitin-dependent proteolysis (29) , and p53 function is not essential for normal growth and development (14) . Degradation of p53 is regulated by interaction with the MDM2 protein (19, 28) , which both functions as a ubiquitin ligase (20) and shuttles from the nucleus to the cytoplasm, where degradation of p53 is thought to take place (30, 38, 48) . MDM2 is itself transcriptionally regulated by p53 (6, 55) , establishing a negative feedback loop where increased levels of p53 increase expression of MDM2, which targets p53 for degradation. The importance of regulation of p53 by MDM2 during normal development is dramatically illustrated by the complete rescue of the early embryonic lethality of MDM2-deficient mice by simultaneous deletion of p53 (24, 35) .
Activation of p53 in response to potentially oncogenic signals, such as deregulated growth or DNA damage, depends to a large extent on the stabilization of the p53 protein, which rapidly accumulates in stressed cells. Stabilization of p53 is likely to reflect mechanisms that allow p53 to become resistant to MDM2-mediated degradation. Recent studies have shown that some DNA-damaging agents induce site-specific phosphorylation within the N terminus of p53, specifically at residues 15, 20, 33, 37, and 46 (5, 12, 13, 39, 44, 45) , and this phosphorylation correlates well with stabilization of the p53 protein. Phosphorylation at serines 15 and 37 or at serine 20 was shown to reduce the interaction between p53 and MDM2 in vitro (43, 51) , and replacement of both serines 15 and 37 with aspartic acid partially protected p53 from degradation by MDM2 (3) . Taken together, these observations have led to the hypothesis that N-terminal phosphorylation at sites in or around the MDM2 binding region of p53 may regulate p53 stability. The most likely candidate kinases for phosphorylation of serine 15 are ATM and ATR (5, 13, 50) , which both phosphorylate p53 at serine 15 in vitro. Inhibition of ATR function in cells leads to a reduction in serine 15 phosphorylation in response to ionizing radiation (IR) and UV radiation (50) , and although loss of ATM substantially delays the stabilization of p53 in response to IR, phosphorylation of serine 15 is still detected in these cells (45) . Assessing the importance of the phosphorylation events in a physiological context has proven rather difficult, and the observation that p53 proteins mutated in most known phosphorylation sites, including serines 15, 20, 33, and 37, can be stabilized in response to some DNA-damaging agents (3, 10) suggests the existence of phosphorylationindependent pathways leading to the stabilization of p53. More recently, a second mechanism for the stabilization of p53 has been described in the ARF protein (p14 ARF in humans; p19 ARF in mice) (42) , which is activated in response to abnormal proliferative signals mediated by oncogene activation (36, 58) or aberrant E2F1 activity (7) . ARF was shown to bind MDM2 and directly inhibit MDM2 activity without preventing the MDM2-p53 interaction (21, 25, 37, 47) or inducing phosphorylation of p53 (16) . This showed that modifications of p53 that prevent binding to MDM2, by phosphorylation or other mechanisms, are not necessary for the stabilization of p53. Recent studies have shown that ARF relocalizes MDM2 to the nucleolus and that this activity is necessary for the inhibition of p53 degradation (49, 53) . These results suggest that the separation of p53 and MDM2 to different subnuclear locations can also contribute to the inhibition of MDM2-mediated degradation of p53.
In this study, we have investigated the mechanisms underlying the stabilization of p53 in response to different cellular stresses. We have identified several mechanisms by which p53 could be stabilized, including specific down-regulation of MDM2 transcription and regulation of subcellular distribution of p53 and MDM2. Our results therefore suggest that each stress response utilizes a different pathway to induce a p53 response.
MATERIALS AND METHODS
Cell culture. Four wild-type p53-expressing cell lines were used, the normal human fibrobast line MRC-5 and three tumor lines: the breast carcinoma cell line MCF-7, the colon cancer cell line RKO, and the osteosarcoma cell line U2OS. The cells were maintained in RPMI 1640 medium (MRC-5 cells) or Dulbecco modified Eagle medium (tumor cell lines) supplemented with 10% fetal calf serum at 37°C in an atmosphere of 10% CO 2 in air.
Induction of p53. All cell types were plated at a density of 10 6 per 10-cmdiameter dish 24 h prior to treatment, with either actinomycin D (5 nM), deferoxamine mesylate (DFX; Sigma; 250 or 500 M), camptothecin (CPT; 2 M), or LLnL (calpain inhibitor I; Boehringer Mannheim; 10 M).
Protein analysis. To assay for p53 Ser15 or Ser20 phosphorylation, cells were washed three times in ice-cold phosphate-buffered saline (PBS) and lysed in 500 l (per 10-cm-diameter dish) of NP-40 lysis buffer (100 mM NaCl, 100 mM Tris [pH 8 .0], 1% NP-40) supplemented with proteasome inhibitors (Complete inhibitor mix; Boerhinger Mannheim) for 30 min at 4°C. p53 protein was immunoprecipitated overnight at 4°C by incubation with a 1:1 mixture of PAb1801-protein A and PAb421-protein A-Sepharose beads equilibrated in NP-40 lysis buffer. The immunoprecipitated protein was washed three times with NP-40 lysis buffer, and samples were resuspended in 50 l of 2ϫ sodium dodecyl sulfate (SDS) sample buffer, incubated at room temperature for 10 min, and then assayed by SDS-10% polyacrylamide gel electrophoresis. Western blots were probed with either anti-p53-P-Ser15 or anti-p53-P-Ser20 which had been preincubated with their respective unphosphorylated peptide, SVEPPLSQETFSD or LSQETFSDLWKLL (1 g/ml), to reduce any cross-reactivity with p53 as previously described (43, 44) . To assess immunoprecipitated p53, the blots were reprobed with the rabbit polyclonal antibody CM1 (34) . Additionally, Western blot analysis to assess p53 protein levels in whole-cell extracts was performed in parallel using PAb1801.
To assess for MDM2 or p21 Waf1/Cip1 protein levels in response to p53 induction, proteins from whole-cell extracts were separated by SDS-12% polyacrylamide gel electrophoresis as described above and analyzed by Western blotting with anti-human p21
Waf1/Cip1 (Oncogene Science) or anti-human MDM2 (SMP14 or Ab-1; Oncogene Science) antibodies.
Northern blot analysis. To assess MDM2 and p21 Waf1/Cip1 mRNA induction, RKO cells (2 ϫ 10 6 ) were plated on 15-cm 2 dishes 24 h prior to treatment, as described above. The cells were washed three times with PBS and lysed in RNA lysis buffer, and total RNA was isolated by precipitation with sodium acetate, followed by phenol-chloroform extraction. RNA was assessed by Northern blot analysis and hybridized with a [ 32 P]dCTP-labeled full-length human MDM2 cDNA probe or a full-length human p21
Waf1/Cip1 cDNA probe. To assess RNA loading, the blots were stripped and then hybridized with a [ 32 P]dCTP-labeled GAPDH (glyceraldehyde-3-phosphate dehydrogenase) cDNA probe (G3PDH; Clontech). The specificities of the probes were confirmed by showing loss of the ability to activate p21
Waf1/Cip1 or MDM2 expression in RKO cells expressing E6, which fail to stabilize p53 in response to IR or actinomycin D.
Immunostaining. MRC-5, MCF-7, or U2OS cells were plated on 10-cm 2 dishes (10 6 cells) containing 1-cm-diameter sterile glass coverslips and treated as described above. The cells were washed three times with PBS and then fixed in ice-cold 4% paraformaldehyde in PBS for 10 min at room temperature. After fixation, the cells were permeabilized in cold PBS containing 0.2% Triton X-100 for 5 min. The cells were blocked in PBS containing 0.5% bovine serum albumin at room temperature for 30 min and then incubated overnight at 4°C with anti-p53 DO1 or CM1 or anti-MDM2 Ab-1 or SMP14 (Oncogene Science) in blocking solution. The cells were washed three times with PBS and incubated for 2 h at room temperature with a rabbit anti-mouse fluorescein isothiocyanate (FITC)-conjugated antibody (1:500; DAKO) or donkey anti-rabbit FITC-conjugated antibody (1:500; Amersham) in blocking solution containing 1 g of DAPI (4Ј,6Ј-diamidino-2-phenylindole) (Sigma)/ml. The cells were washed three times with PBS, and slides were mounted with PBS-glycerol mount. For localization of the nucleolus, immunostaining with a goat anti-B23 antibody (Santa Cruz) was performed either in the presence or absence of anti-p53 or anti-MDM2 antibodies as described previously (57) .
RESULTS

Phosphorylation of p53 on serine 15 or 20 in response to different activating signals.
Previous studies have shown that many forms of stress lead to the stabilization of p53, and we have chosen to examine the response to actinomycin D, CPT, and DFX. Each of these p53-activating agents is likely to function through a different mechanism; inhibition of RNA polymerase II by actinomcyin D (32), topoisomerase I inhibition and induction of DNA strand breaks by CPT (22) , and activation of hypoxia-inducible factor 1␣ by DFX (1). p53 was stabilized in response to each treatment with similar kinetics in both normal human fibroblasts (MRC-5 cells) and the colon cancer cell line RKO ( Fig. 1A and B, lower blots).
DNA-damaging events that lead to the stabilization of p53 have also been shown to induce phosphorylation of residues within the N terminus of p53. Particular interest has recently focused on serine 15 and serine 20, which are phosphorylated following the exposure of cells to UV light or IR in vivo (44, 45) . These residues lie in or close to the MDM2 binding site on p53, and there is evidence that phosphorylation of these sites reduces the binding of p53 to MDM2 and could therefore lead directly to the stabilization of the p53 protein (43, 51) . Our previous studies indicated that N-terminal phosphorylation of p53 was not necessary for stabilization in response to actinomycin D (3), and we therefore examined phosphorylation of these sites in response to each treatment using phosphospecific antibodies (43, 44) (Fig. 1A and B) . The pattern of phosphorylation was the same in both cell types; treatment with CPT induced phosphorylation at both serine 15 and serine 20, DFX treatment resulted in only serine 15 phosphorylation, and no phosphorylation of either site was detected in response to actinomycin D. No evidence of serine 20 phosphorylation in response to DFX or serine 15 or 20 phosphorylation in response to actinomycin D was seen at any time point, indicating that transient phosphorylation of these sites does not occur. To extend these observations, we analyzed two more wild-type p53-expressing cell lines that are widely used to study p53 activation and function, the breast carcinoma cell line MCF-7 ( Fig. 1C ) and the osteosarcoma cell line U2OS (Fig. 1D) . Identical results were obtained using these lines, in which each treatment stabilized p53 efficiently. Only CPT treatment induced phosphorylation of both serines 15 and 20; DFX treatment resulted in phosphorylation of serine 15 but not serine 20, and actinomycin D did not induce significant phosphorylation of either site. As shown before, inhibition of p53 degradation with the proteasome inhibitor LLnL stabilized p53 without phosphorylation of serine 15 or 20. These observations are consistent with previous observations that phosphorylation of p53 N-terminal sites is not an essential step for stabilization of the protein in response to actinomycin D treatment (3) .
Activation of p21 Waf1/Cip1 expression by stabilized p53. The ability of p53 to inhibit cell growth is closely related to the function of p53 as a transcription factor, and we therefore examined the expression of a p53-responsive gene encoding the cyclin-dependent kinase inhibitor p21
Waf1/Cip1 , a protein that plays an important role in establishing p53-dependent cell cycle arrest (11, 15, 52) . Both actinomycin D and CPT treatment led to a time-dependent increase in p21
Waf1/Cip1 protein levels in MRC-5 and RKO cells, indicating that the p53 protein stabilized in response to these drugs is transcriptionally active ( Fig. 2A and B) . However, despite a robust elevation of p53 levels in response to DFX, no evidence for an increase in p21
Waf1/Cip1 protein levels could be detected in either cell line. Analysis of MCF-7 cells (Fig. 2C ) and U2OS cells (Fig. 2D is one of the principal mediators of p53-dependent cell cycle arrest, and flow cytometric analysis of U2OS and RKO cells treated with DFX confirmed that this treatment did not result in a G 1 or G 2 arrest (data not shown). Expression of p21 Waf1/Cip1 can be regulated by several p53-independent mechanisms, and in order to confirm that the elevation of p21
Waf1/Cip1 seen in response to actinomycin D and CPT was dependent on p53, we repeated the analysis using RKO cells stably expressing the human papillomavirus type 16 E6 protein. E6 efficiently targets p53 for degradation through an MDM2-independent mechanism, and the E6-expressing cells are unable to stabilize p53 in response to any treatment, making them functionally p53 null (27) . Treatment of RKOϩ E6 cells with either actinomycin D or CPT failed to stabilize p53, and neither treatment led to the enhanced expression of p21 Waf1/Cip1 (Fig. 3) .
To confirm that changes in p21 Waf1/Cip1 protein levels in response to different treatments were a reflection of specific changes in transcriptional activity, we analyzed mRNA expression in normal human MRC-5 cells by Northern blotting (Fig.  4A) . Treatment with actinomycin D and CPT led to increased p21
Waf1/Cip1 mRNA expression with slightly slower kinetics than that induced by IR, consistent with increased transcriptional activity of the stabilized p53. Treatment with DFX also led to a slight increase in p21
Waf1/Cip1 mRNA levels, although it was not sufficient to result in an increase in protein. Similarly, clear elevation of p21 Waf1/Cip1 mRNA was induced by actinomycin D and CPT treatments in RKO cells, although in these cells no increase of p21 Waf1/Cip1 mRNA was seen in response to DFX (Fig. 4B) .
Activation of MDM2 expression by stabilized p53. The failure of p53 stabilized in response to DFX to activate expression of p21
Waf1/Cip1 prompted us to look at the expression of MDM2, also the product of a p53-inducible gene. Analysis of MRC-5 cells (Fig. 5A) showed that MDM2 protein expression was elevated following treatment of the cells with actinomycin D; a weaker activation of MDM2 protein expression was seen in response to DFX, and no increase in MDM2 protein was detected in response to CPT, despite the presence of significant levels of p53 and activation of p21
Waf1/Cip1 following CPT treatment ( Fig. 2A) . Examination of the response to each treatment in RKO cells (Fig. 5B ) also showed an increase in MDM2 protein following actinomycin D treatment, but no elevation of MDM2 in response to either CPT or DFX was observed. An identical pattern of MDM2 expression was seen in the two other tumor cell lines, MCF-7 ( Fig. 5C ) and U2OS (Fig. 5D) .
Northern blot analysis confirmed that the pattern of MDM2 protein expression in these cell lines was a reflection of transcriptional activation. In MRC-5 cells (Fig. 6A) , treatment with both actinomycin D and DFX led to the increased expression of MDM2 mRNA, while CPT treatment led to a reduction rather than an increase in MDM2 mRNA levels. In RKO cells (Fig. 6B) , actinomycin D treatment increased MDM2 mRNA levels while DFX and CPT treatments failed to induce MDM2 mRNA. These results show that although the normal and tumor lines responded similarly to actinomycin D and CPT treatments, a difference was seen in response to DFX. Treatment with DFX stabilized p53 in both normal and tumor cells, but only the normal cells showed evidence of a transcriptional activity of this stabilized p53, with loss of this response in the tumor cell lines.
Intriguingly, these data also suggested that treatment of cells with CPT resulted in elevation of p21
, but not MDM2, levels. To ascertain whether CPT treatment prevented the elevation of MDM2 in response to p53 or reduced basal levels of MDM2 expression (as suggested in the analysis of MRC5 cells shown in Fig. 6A ), we carried out Northern blot analyses of a time course following actinomycin D and CPT treatment in RKO cells (Fig. 6C) . These results showed that although actinomycin D treatment led to a time-dependent increase in MDM2 mRNA expression which correlated well with elevation Subcellular localization of p53 and MDM2. Subcellular localization of p53 and MDM2 has recently been shown to play a critical role in controlling p53 function and stability. p53 contains three nuclear localization sequences (33, 40, 41) , and failure to localize to the nucleus results in an inability of p53 to activate transcription of target genes like p21
Waf1/Cip1 and MDM2. p53 and MDM2 also contain nuclear export signals (38, 46) , and the ability of MDM2 to shuttle from the nucleus to the cytoplasm appears to be important for the degradation of p53 (18, 30, 48) .
We examined the localization of the p53 protein that was expressed in response to different treatments in MRC-5 (Fig.  7A) , MCF-7 (Fig. 7B) , and U2OS cells (data not shown). Essentially identical results were obtained in MCF-7 cells and U2OS cells. Treatment of each cell line with actinomycin D or CPT resulted in the accumulation of nuclear p53, consistent with the retention of at least some transcriptional activity of this stabilized p53. In contrast, although p53 protein stabilized following DFX was localized mainly to the nucleus in MRC-5 cells (Fig. 7A) , both nuclear and cytoplasmic accumulation of p53 was seen in MCF-7 and U2OS cells (Fig. 7B and data not  shown) .
Treatment of cells with actinomycin D resulted in elevation of p53 protein which was not phosphorylated at serine 15 or 20 ( Fig. 1) and retained the ability to bind to MDM2 in coprecipitation assays (data not shown). In order to determine whether p53 and MDM2 were colocalized in cells treated with actinomycin D, we examined the subcellular localization of MDM2 in actinomycin D-treated cells. The overall level of MDM2 protein in MRC-5 cells was first elevated by inhibition of the proteasome, using LLnL, before treatment with actinomycin D (Fig. 8A) . As described previously, MDM2 stabilized in untreated cells localized to the nucleus, with exclusion from the nucleoli, as shown by costaining with the nucleolar protein B23. In response to actinomycin D treatment, the localization of MDM2 changes, occupying the whole nucleus after 4 h and (Fig. 8) .
DISCUSSION
The ability to activate p53 in response to various types of potentially oncogenic stress plays an important role in preventing malignant progression. Many forms of stress have now been shown to activate p53, including DNA damage, activation of oncogenes, and hypoxia (4) . Despite the diversity of these signals, a point of convergence in the stress responses appears to be the inhibition of p53 degradation by MDM2 and subsequent stabilization of the p53 protein. Two independent mechanisms to disrupt MDM2 function have been described; phosphorylation of p53 to prevent MDM2 binding and activation of expression of ARF.
In this study we show that different p53-activating signals, such as CPT, actinomycin D, and DFX, appear to utilize different mechanisms to prevent MDM2-mediated degradation of p53 (summarized in Table 1 ). Although activation of p53 in response to CPT leads to phosphorylation of p53 at both serines 15 and 20, which would inhibit the interaction of p53 with MDM2, CPT treatment is not accompanied by elevation of MDM2 levels, and the stabilization of p53 is likely to reflect, at least in part, inhibition of MDM2 expression. The p53 stabilized following CPT treatment resulted in enhanced expression of p21
Waf1/Cip1 , and it seems likely that treatment with CPT specifically down-regulated expression of MDM2. Inhibition of MDM2 expression may be a common mechanism to stabilize p53. Previous reports have indicated that both UV irradiation (54) and treatment with the topoisomerase II inhibitor etoposide also inhibits expression of MDM2 (2) . Treatment with approximately 10-fold-higher concentrations of actinomycin D than those used in this study has also been shown to reduce MDM2 expression in a lymphoblast cell line (9) .
In contrast to CPT treatment, DFX stabilized p53 that was phosphorylated on serine 15 but not serine 20 and was unable to activate transcription of p21
Waf1/Cip1 or MDM2 in three tumor cell lines but retained some transcriptional activity in normal MRC-5 cells. Interestingly, even in normal cells the transcriptional activity of p53 in response to DFX was clearly much weaker than that seen for comparable levels of p53 induced by other treatments, such as actinomycin D. Activation of p53 has been shown to depend on both elevation of the protein levels and a shift from the latent to the DNA binding form of the protein itself (23) . Our results suggest that DFX, which mimics hypoxia, may only partially activate stabilized, but latent, p53 in normal cells and that this response is entirely lost during tumor progression. Interestingly, the loss of transcriptional activity in the tumor cell lines correlated with an accumulation of p53 in the cytoplasm, potentially indicating a defect in pathways that allow nuclear localization of p53.
Treatment of cells with actinomycin D induced p53 that is stable and transcriptionally functional, despite the presence of high levels of MDM2. p53 stabilized in response to actinomycin D was not phosphorylated at either serine 15 or 20, and as expected, this unphosphorylated p53 retained the ability to form an interaction with MDM2 in coprecipitation assays. However, our results suggest that following actinomycin D treatment the two proteins can occupy distinct nuclear locations that might prevent or reduce complex formation in the intact cell, explaining the potential paradox of how p53 can be transcriptionally active in a cell containing high levels MDM2 without modifications that prevent binding. These results show some similarity to the stabilization of unphosphorylated p53 by nucleolar localization of MDM2 following interaction with ARF (49, 53) , although previous studies showing that neither MCF-7 nor U2OS cells express ARF (47) suggest that ARF is not directly involved here. MDM2 has been shown to bind ribosomal proteins and RNA (17) , and recently, a nucleolar localization signal has been identified in the C terminus of MDM2 (32a). It will be of interest to determine whether actinomycin D leads to nucleolar localization of MDM2 or to nucleoplasmic association of MDM2 with components of the nucleolus released in response to actinomycin D treatment.
Most human cancers show loss of normal p53 function, although this is not always reflected by mutational inactivation of the p53 protein itself. Disruption of the pathways which allow activation of p53 in response to stress could also contribute to tumor development, and many cancer cells that retain wildtype p53 show loss of the ARF protein which is necessary for the stabilization of p53 in response to abnormal proliferation (47) . The observation that many different pathways lead to p53 stabilization presents the possibility that tumors arising following inactivation of one pathway (such as loss of ARF) may retain the ability to activate p53 in response to signals that utilize different pathways. Tumor cells lacking ARF, for example, show normal p53 activation in response to DNA-damaging signals (25, 26) . Tumors that arise following loss of kinases, such as ATM, that phosphorylate p53 at serine residue 15 in response to UV irradiation may retain the ability to activate p53 in phosphorylation-independent pathways, such as that engaged by actinomycin D. An understanding of the pathways utilized by different drugs to activate p53 could be used to enhance and complement therapeutic options. 
